Abstract: The critical current density has been measured on single crystals of Ru substituted BaFe 2 As 2 superconductor at several temperatures and in fields up to 16 T. The magnetisation versus field isotherms reveal the occurrence of a clear second magnetisation peak (SMP) also known as fish-tail effect for both H parallel and perpendicular to c-axis of the crystal. The infield resistance and magnetisation data are used to put forth a vortex phase diagram. The nature of the vortices has been determined from scaling behaviour of the pinning force density extracted from the J C -H isotherms. The scaled J C versus reduced temperature behaviour seems to fit to a power law that indicates unambiguously that pinning in this system arises due to the spatial variation in the mean free path, viz. l pinning.
I. Introduction
With the discovery of a plethora of Fe Pnictide superconductors [1] the similarities and dissimilarities in the properties of the cuprates and iron-pnictides (FePn) have come under scrutiny [2, 3] . A common feature in the two classes of compounds is the close proximity of antiferromagnetism and superconductivity, with the latter arising by doping charge carriers in the electronically active CuO layers of cuprates or FePn layer of pnictides [1, 4, 5] . In the FePn compounds apart from charge doping, isovalent substitution at either Fe [6, 7] or As [8, 9] site and application of external mechanical pressure [10] [11] [12] can induce superconductivity.
While the FePn superconductors are similar to the cuprates regarding the high T C , layered structure, strong type II nature [13] with critical current being limited by inter-granular dissipation [13] , their properties seem more favourable for applications since they display smaller anisotropy in upper critical field[14-16] larger coherence lengths [17] , strong pinning energy and low flux creep.
Successful synthesis of wires of substituted Ba122 superconductors [18, 19] have recently been achieved and therefore optimisation of the current carrying capacity (J C ) will be useful.
The study of J C of the type II superconductors is accomplished [20] by the study of M(H) loops in the superconducting state which in addition, is used to elicit important information on the nature of vortex matter in a type II superconductor [21] . Two distinct behaviours have been observed in M(H) isotherms of superconductors (a) the occurrence of peak effect (PE) close to vortex melting, as seen in YNi 2 B 2 C [22] and NbSe 2 [23] and (b) an small increase, in M within the vortex state suggesting an increased J C , termed the second magnetisation peak (SMP), observed in cuprates [24] , YNi 2 B 2 C [22] and more recently in Fe based superconductors [25] . The peak effect that occurs close to H C2 has been seen in some of the conventional superconductors such as Nb 3 Sn [26] and MgB 2 [27] and is believed to arise mainly due to increased pinning from disordered flux lines prior to melting of the flux line lattice. With the help of imaging and Bitter decoration experiments, the origin of SMP is traced to an increased pinning due to a phase transition in the underlying flux line lattice [28] .
Both SMP and PE can also occur for the same system and these have been observed in the M(H) isotherms of the cuprates and borocarbides [22] . In the recently studied Fe based superconductors, only the SMP has been seen for example in (Ba,K)Fe 2 As 2 , Ba(Fe,Co) 2 [29] . Since the SMP is seen in a variety of Fe based superconductors it is tempting to conclude that the occurrence of SMP is generic to the M-H behaviour in these set of compounds. A notable exception has been the M-H behaviour in the case of isoelectronic substitution of P at As in BaFe 2 As 2-x P x samples [30] , where SMP is not seen. It would therefore be interesting to see if the SMP can be observed in M-H isotherms of the BaFe 2-x Ru x As 2 sample in which Fe is iso-electronically substituted by Ru [7] .
Here we investigate the magnetisation behaviour of superconducting single crystals of BaFe 2-x Ru x As 2 compound for a Ru fraction of x=0.71, in fields up to 16 Tesla. We follow the variation of the critical current density in the Ru substituted BaFe 2 As 2 single crystals using isothermal M(H) measurements. Our findings point to the presence of a pronounced SMP in M(H) and consequently in J C (H) for both H||c and H||ab directions. To understand the mechanism of vortex pinning in this system, scaling analysis [31] The magnetisation isotherms in fields up to 16T were recorded, with field ramped at 0.5T/min, at several temperatures ranging from 2 K up to 15 K. From these M(H) isotherms critical current density J C as a function of field was calculated using Bean's critical state model [20] from which the vortex pinning force F p = 0 HJ C was also estimated.
III. Results and Discussion

A. Characterization
The powder XRD pattern of the single crystals, show no impurity peaks and the observed reflections could be satisfactorily indexed on the basis of tetragonal cells (space group I4/mmm). The a and c-lattice parameters were found to be 4.0196 Å and 12.7944 Å respectively. These parameters used in conjunction with the earlier XRD and phase diagram data of single crystals [33] , suggests that the Ru substitution in BaFe 2-x Ru x As 2 single crystals is ~x=0.71. The EDX analysis indicated a Ru fraction of x~0.7 for the crystals which is consistent with the estimate made from lattice parameter values. This probably suggests that nominal and actual compositions are very close in this method of synthesis. 
(H || c). This indicates better pinning strength for
H||ab, compared to H||c, at higher fields.
C. Thermomagnetic history dependence
To look for a possible phase transition in the vortex state in BaFe 1.29 Ru 0.71 As 2 system close to the SMP in figure 3a , the magnetisation versus field was recorded by field reversal from different FC states at 12K. Using similar measurements close to the peak effect in CeRu 2 and NbSe 2 , [23, 36] it was shown that the peak effect arose as a consequence of a first order phase transition [28] . taking cue from these studies, here too we investigate, if the SMP can arise 
D. Vortex pinning mechanism
To understand the vortex pinning mechanisms it is illustrative to plot the normalized pinning force density versus applied magnetic field [31] . Shown in fig.5 [34] which the authors believed to be due to arsenic deficiency, leading to pinning from small-size normal-cores.
In type II superconductors the pinning can be either due to spatial variations in transition temperatures termed as T C pinning or due to spatial variations in the charge carrier mean free path, termed as l pinning [39] . It has been shown that in the case of T C pinning, normalized J C follows J C (t)/J C (0) = (1-t 2 ) 7/6 (1+t 2 ) 5/6 , whereas for l pinning J C (t)/J C (0) = (1-
, where t = T/T C is reduced temperature [39, 40] . Figure 6 shows the plot of figure 6 . From the plots of J C (t)/J C (0) it is clear that l pinning fits to the experimental data well and is the dominant pinning mechanism. In the sample under investigation, this can occur due to single vortex pinning at random weak pinning centres created by inhomogeneous distribution of Ru ions. Inset of figure 6 shows a similar analysis performed on a different crystal having slightly lower Ru concentration (x~0.6). Here again the data fits better to the l pinning scenario. It is noteworthy that a dominant l pinning has also been reported for FeSe 0.5 Te 0.5 [29] system.
To understand the kind of vortex phases existing above and below fish-tail effect field, the critical state magnetic relaxation over a period of time for different fields were studied at 12K. A logarithmic relation rate S = -|d ln M/d ln t| describes the flux creep but no single form describes the relaxation phenomenon for all J C and field [25] . Figure 7 shows the field dependence of relaxation rate S measured at 12K above and below the second peak field along with M(H) loop at the same temperature. In all the measurements, the zero field cooled sample was subjected to a high field much beyond the fish tail region. After forming the vortex state at a higher field the relaxation in magnetisation was studied for different fields above and below the fish-tail region. Different time dependencies of M(t) were found above and below the fish-tail peak field. S(H) initially decreases with increasing field up to fish-tail peak maxima H SP and thereafter increases with field. This behaviour is similar to what was observed in Co-doped BaFe 2 As 2 single crystals [25] . Initial fall of S with increasing field is in agreement with weak collective pinning creep model but its subsequent increase with field cannot be explained using this model. Thus collective creep model is not applicable above H sp [25] . An increase in the relaxation rate with field can be explained by plastic creep model [25, 41] . It was understood that a change from collective to plastic creep is responsible for the fish-tail shape of the isothermal M(H) loops [25] .
E. Vortex Phase diagram
Based on the above studies of magnetisation and its relaxation, a phase diagram of Ru substituted BaFe 2 As 2 system for H||c direction is shown in figure 8 . H min and H SP represent the field values at valley after low field peak and a second peak at higher fields in the magnetisation isotherms (cf. fig. 2 and phase II (plastic creep) can be seen separated by the H SP line in the phase diagram.
IV. Summary and Conclusions
Single crystalline samples of BaFe 2-x Ru x As 2 (x nominal =0.75, x exact = 0.71) were synthesised using stoichiometric amounts of FeAs, RuAs powders and Ba Chunks. Since no excess flux was used for growth, the crystals were found to be phase pure with little or no impurity 
